Magnetic reconnection is the most likely mechanism responsible for the high temperature events that are observed in strongly magnetized locations around the temperature minimum in the low solar chromosphere. This work improves upon our previous work ["Magnetic Reconnection in Strongly Magnetized Regions of the Low Solar Chromosphere", The Astrophysical Journal 852, 95 (2018) ] by using a more realistic radiative cooling model computed from the OPACITY project and the CHI-ANTI database. We find that the rate of ionization of the neutral component of the plasma is still faster than recombination within the current sheet region. For low β plasmas, the ionized and neutral fluid flows are well-coupled throughout the reconnection region resembling the single-fluid Sweet-Parker model dynamics. Decoupling of the ion and neutral inflows appears in the higher β case with β 0 = 1.46, which leads to a reconnection rate about three times faster than the rate predicted by the Sweet-Parker model. In all cases, the plasma temperature increases with time inside the current sheet, and the maximum value is above 2 × 10 4 K when the reconnection magnetic field strength is greater than 500 G. While the more realistic radiative cooling model does not result in qualitative changes of the characteristics of magnetic reconnection, it is necessary for studying the variations of the plasma temperature and ionization fraction inside current sheets in strongly magnetized regions of the low solar atmosphere. It is also important for studying energy conversion during the magnetic reconnection process when the hydrogen-dominated plasma approaches full ionization.
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I. INTRODUCTION
The low solar atmosphere host numerous small-scale events related to magnetic reconnection [1] [2] [3] .
These The EB-type events have been observed both in the wings of Hα and the IRIS Si IV passbands, and they share some characteristics with traditional EBs [e.g., similar locations ( 250 − 750 km above the solar surface), similar life times (about 3-5 min) and sizes (about 0.3 -0.8 )]. Both are considered to be formed in magnetic reconnection processes. However, the emission in the Si IV 139.3 nm line requires a temperature of at least 2 × 10 4 K in the dense photosphere. Therefore, the maximum temperatures inside these EB-type events are much higher than traditional EBs.
Most recently, Tian et al. (2018) have discovered the inverted Y-shape prevalent jets from sunspot light bridges 9 by using multi-wavelength observations from both GST and IRIS. The transient brightenings with significant heating and bi-directional flows at the foot points of these jets indicated that magnetic reconnection drove the formation of the inverted Previous numerical simulations have studied the formation of EBs through magnetic reconnection by using the one-fluid MHD model [13] [14] [15] [16] . The maximum temperature increase observed in these simulations modeling the conditions between the photosphere and the low solar chromosphere was no more than several thousand Kelvin. However, the resolutions in these simulations were low, the magnetic diffusion in the reconnection region was not realistic, and the important interactions between ions and neutrals were ignored. The high resolution simulations with a more realistic magnetic diffusion in Ni et al. (2016) showed that the plasma can be heated from 4200 K to above 8×10 4 K inside the multiple magnetic islands of a reconnection process with strong magnetic fields (500 G) in the temperature minimum region (TMR) of the solar atmosphere (about 500 km above the solar surface). Ambipolar diffusion, temperature-dependent magnetic diffusion, heat conduction, and optically thin radiative cooling were all included 17 . However, in this work the plasma was assumed to be in a steady ionization equilibrium state. Most recently, one-fluid 3D MHD simulations with radiative transport studied EBs and flares at the surface and in the lower atmosphere of the Sun 18 . In these simulations, the plasma temperature was observed to remain below 10 4 K during the EB formation process in the photosphere. However, non-equilibrium ionization effects were not considered in their model, and the artificial hyper-diffusivity operator that was included to prevent the collapse of the current sheets leaves open the possibility of smaller scale and hotter structures at spatial scales not covered in that simulation.
Background plasma near the TMR is weakly ionized and the plasma density is high. Thus, realistic simulations of magnetic reconnection in this region of the solar atmosphere must account for the interactions between ions and neutrals as well as radiative cooling. It has been shown that ambipolar diffusion which results from collisions between ions and neutrals makes current sheet thin rapidly when no guide field is present [19] [20] [21] [22] . Previous 1D analytical work also studied magnetic reconnection in weakly ionized plasma 21, 23, 24 . They found that an excess of ions can build up in the reconnection region if the ions pulled in by the reconnecting magnetic field are decoupled from the neutrals. High recombination can then produce a loss of ions in the reconnection region that prevents ion pressure from building up further, which leads to faster magnetic reconnection independent of magnetic diffusivity. Our recent numerical simulations 32 have studied magnetic reconnection in strongly magnetized regions around the solar TMR. In that paper, we have presented the first reactive multi-fluid simulations of magnetic reconnection in low β plasmas with a guide field. The simulation results were significantly different from the previous high β simulations with zero guide field. We found that the neutrals and ions were well-coupled throughout the reconnection region for the low β plasma. The neutral and ionized fluid components decoupled upstream of the reconnection site only when the plasma β was sufficiently high. The rate of ionization of the neutral component of the plasma was always faster than recombination within the current sheet region; and the initially weakly ionized plasmas could become fully ionized within the reconnection region when plasma β was low enough. The current sheet could be strongly heated to high temperatures (above 2.5 × 10 4 K) only when the reconnecting magnetic field was in excess of a kilogauss and the plasma inside became fully ionized.
However, only a simple radiative cooling model 25, 26, 32 was applied in Ni et al. (2018) . In particular, this simple model neglects the presence of minority species in the low solar atmosphere and can significantly underestimate radiative losses in a hydrogen-dominated plasma approaching full ionization.
In this work, we use a more realistic radiative cooling model 29 to simulate magnetic reconnection around the solar TMR. This stronger radiative cooling model may be expected to result in faster recombination than ionization and to significantly impact the magnetic reconnection process as shown in Alvarez Laguna et al. (2017) 29 . Including such a strong radiative cooling model may also be expected to reduce the temperature increases during the reconnection process, such that the high temperature plasma (above 2.5 × 10 4 K) observed in our previous work would not appear even for magnetic fields in excess of a kilogauss.
Therefore, the numerical results and conclusions in this work were expected to be significantly different from those reported in Ni et al. (2018) 32 . Section II describes our numerical model and simulation setup. We present our numerical results and compare them with our previous work 32 in Section III. A summary and discussion are given in Section IV.
II. NORMALIZATION AND INITIAL CONDITIONS
Our simulations are performed by using the reactive multi-fluid plasma-neutral module of the HiFi modeling framework 30, 32 . Here, we normalize the equations by using the character- The initial dimensionless magnetic flux in z direction is given by
where b p is the strength of the the magnetic field and λ ψ is the initial thickness of the current sheet. The initial magnetic field in z-direction is
In our previous paper 32 , the numerical results demonstrated that the collisions between electrons and neutrals are not important for magnetic reconnection in low β plasmas. In order to compare with the corresponding cases in Ni et al. (2018), we also ignore the collisions between electrons and neutrals in this work. The dimensionless magnetic diffusivity is
where η ei = 7.457 × 10 −6 is a normalization constant derived from the characteristic values n , B , and L . T e is the dimensionless electron temperature. Since the electron and the ion are assumed to be coupled together and only the hydrogen gas is considered in our model, we assume T i = T e , n i = n e , and the pressure of the ionized component is twice the ion (or electron) pressure,
The only difference between the model in this work and that in Ni et al. 2018 is the radiative cooling function. In our previous work 32 , the simple radiative cooling model represents the radiative losses that are due primarily to radiative recombination, with a very crude approximation for radiation due to the presence of excited states of neutral hydrogen.
Further, no account is taken of the presence of minority ion species in the TMR. This simple model is given by
where φ ef f = 33 eV= 5.28 × 10 −18 J. The ionization rate Γ ion i is defined as
using the values A = 2.91 × 10 −14 , K = 0.39, X = 0.232, and the hydrogen ionization potential φ ion = 13.6 eV. The unit for the neutral and electron number density are both m −3 , T * e is the electron temperature specified in eV. Then the unit for Γ ion i is m −3 s −1 and the unit for L rad is J m −3 s −1 . One finds that the above radiative cooling function approaches zero when a plasma is fully ionized. As shown in our previous work 32 , the plasmas will be fully ionized if the reconnection magnetic fields are strong enough. This simple radiative cooling model becomes invalid in this situation.
In this work, we use a radiative cooling model computed using the OPACITY project and the CHIANTI databases 33 . This radiative cooling model is considered to be a more realistic cooling model for plasmas in the solar chromosphere for plasma temperatures below
The expression for this radiative model in units of J m
where 
where Q(T ) = 10
is a reasonable approximation that is useful for analytical modeling over the whole temperature range 2 × 10 4 K< T < 10 7 K. We have calculated the values of the radiative cooling by using both L r and L r1 for 2 × 10 4 K< T < 10 7 K, the values calculated from the two functions are close for each fixed temperature and plasma density. Therefore, we have used the radiative model L r provided by Eq. (6) for all the simulations in this work. The background constant heating is also included to balance the initial radiative cooling. The heating function H 0 is equal to L r0 with n e0 , n n0 , n i0 and T i0 set to the initial values shown above. In our simulations, we normalize Eq. (6) by using the characteristic values presented above. are the same, as are those shown in Fig. 1(b) , Fig. 1(e) and Fig. 1(h) , and those shown in Fig. 1(c) , Fig. 1(f) and Fig. 1(i) . As expected, the ionization fraction strongly increases with time inside the current sheet for the cases (Case ALr and Case ELr) with low β and strong magnetic field, the ionization fraction slowly increases with time in the high β case (Case CLr). The highest ionization fraction is 72% in Case ELr, 12% in Case ALr, and only 0.8% in Case CLr. Therefore, the lower plasma β and higher reconnection magnetic field lead to higher ionization fractions inside the current sheet. However, the ionization fractions in Case ALr, Case CLr and Case ELr are respectively much lower than those in Case A, Case C and Case E in our previous work 32 . The stronger radiative cooling in this work results in the lower ionization fraction. The neutral fluids in Case ELr do not become fully ionized as in Case E with the same plasma β in our previous work. 
1.6×10
4 K and 2.3×10 4 K, respectively. Therefore, the stronger reconnection magnetic fields and lower plasma β result in the higher maximum temperature inside the current sheet. The significant difference of the plasma temperatures between this work and the previous work is the maximum temperature in Case E and Case ELr. In the previous work 32 , the maximum temperature within the narrow current sheet was heated above 4 × 10 4 K in Case E after the neutral fluids were fully ionized and the simple radiative cooling function was turned off. However, the neutral fluids are not fully ionized in Case ELr during the reconnection process in this work. Moreover, the strong radiative cooling always exists in Case ELr even if the plasmas are fully ionized. Therefore, the maximum temperature does not reach above 4 × 10 4 K in Case ELr. In this work, the ion and neutral temperatures are also nearly equal throughout the evolution due to rapid thermal exchange between the plasma components in all the three cases.
In the previous work 25, 26, 30 , the high β simulations showed that the neutral and ionized fluid components decouple upstream of the reconnection site on scales smaller than the neutral-ion mean free path λ ni . As shown in Fig. 3 , the decoupling of neutral and ionized fluid is most obvious in Case CLr, but the neutral and ion inflows are well coupled in the reconnection phase in Case ELr. Fig. 3(b) shows that the decoupling of neutral and ion inflows also appears during the later reconnection stage in Case ALr, which is different from our previous result in Case A with the same plasma β 32 , the neutral and ion inflows are coupled better in Case A. The reason for causing such a difference is that the ionized fluid components in Case ALr are much fewer than that in Case A. The more ionized components result in a shorter neutral-ion mean free path. Thus, the decoupling of neutral and ion inflows is more obvious in the more weakly ionized plasmas with a longer neutral-ion mean free path. In Fig. 3(a) , (d) and (g), one can also see that the ion inflow V iy is higher for a lower β case.
Our simulations results also show that the ionized and neutral fluids are well coupled in the reconnection outflow regions, which is consistent with the previous results However, the lower plasma β and weaker radiative cooling make the four terms relatively higher. The ionization rate Γ ion i is also faster than the recombination rate −Γ rec i in all of the three cases, which is the same as our previous work 32 but significant different from the previous higher β simulations 25, 26 . We have also tested a simulation with the initial magnetic field four times smaller than that in Case CLr; the ionization rate is eventually smaller than the recombination rate in such a high β case (β 0 = 23.36). Therefore, the plasma β inside the current sheet region appears to be the main factor determining whether ionization or recombination dominate within the current sheet during the reconnection process. From the simulation results presented in this work, we conclude that the ionization rate Γ one can find that both the generated thermal energy and radiated heat in Case ALr are correspondingly a little bit higher than those in Case A at the same time point, the radiated heat in Case CLr is obviously higher than that in Case C. The stronger radiative cooling model in this work makes the neutrals inside the current sheet more difficult to be ionized for the same reconnection magnetic fields and plasma β. Though the initial radiative cooling in this work is about three orders of magnitude higher than that in our previous work 32 , the values of the radiated heat in Case ALr, CLr and ELr are correspondingly at the same order of magnitude as those in Case A, C and E during the reconnection process before the plasmas are nearly fully ionized. In the reconnection process, the strong ionization rate
in the previous work makes the simple radiative cooling L rad = Γ ion i φ ef f to be big enough to compare with the radiative cooling applied in this work for the same plasma β. , where j max is the maximum value of the out of plane current density j z , located at (x, y) = (0, 0) in all the simulations in this work. B up is B x evaluated at (0, δ sim ), where δ sim is defined as the half-width at half-max in j z . V * A is the relevant Alfvén velocity defined using B up and the total number density n * at the location of j max . η * is the magnetic diffusion coefficient defined in Equation (3) and the maximum reconnection rate was higher than that in Case A. However, one should note that the radiative cooling model in the prior work became particularly unrealistic in situations such as that in the latter stages of the Case E simulation, when the hydrogen plasma in the current sheet became nearly fully ionized.
IV. SUMMARY AND DISCUSSION
We have used the reactive multi-fluid plasma-neutral module of the HiFi modeling framework to study magnetic reconnection in strongly magnetized regions around the solar TMR, with a more realistic radiative cooling model computed using the OPACITY project and CHIANTI databases 33 . Numerical results with different magnetic field strengths have been presented, and we have also compared the results in this work with those in our previous work 32 that included a simpler radiative cooling model. We summarize our results as follows:
(1) The more realistic radiative cooling model does not result in qualitative changes of the characteristics of magnetic reconnection in strongly magnetized regions around the solar TMR. In this work, the rate of ionization of the neutral component is still faster than The maximum values of the ionization fraction f i , the plasma temperature T i , the current density J z , the difference between the ion and neutral inflows |V iy − V ny |, the outflow ion velocity V ix , the magnetic reconnection rate M sim , the minimum value of the current sheet width δ sim and the ion density n i during the later reconnection stage are presented.
Case ALr 12% (2) In the case with stronger reconnection magnetic fields and lower plasma β, there is more thermal energy generated by Joule heating and also more radiated thermal energy in the magnetic reconnection process. The strong radiative cooling does not result in faster magnetic reconnection in strongly magnetized regions. Though most of the generated thermal energy is radiated, the maximum temperature inside the current sheet can still reach a higher value in a lower β case. The maximum temperature is above 2 × 10 4 K when the reconnection magnetic field is higher than 500 G. The maximum reconnection outflow velocity is above 50 km s −1 when the initial reconnection magnetic fields is as high as 1500 G.
(3) The more realistic radiative cooling model quantitatively changes the values of some variables in the magnetic reconnection process around the solar TMR. The maximum ionization fraction is lower than that in our previous work 32 for the same plasma β. The generated Joule heating and the radiated thermal energy in each case in this work are higher than the corresponding ones in our previous work.
Our numerical results show that the ion and neutral fluids are well-coupled as a single fluid through the reconnection region in strongly magnetized regions around the solar TMR.
Though most of the generated thermal energy is always dissipated by strong radiative cooling in such a high density environment, the ionization is still faster than recombination, and no acceleration of the magnetic reconnection rate is observed in the low β environment with strong magnetic fields (above 500 G), which is significantly different from the previous high β simulations 25, 26, 29, 30 . The stronger reconnection magnetic fields result in the higher plasma temperature inside the current sheet. The plasma can be heated above 2 × 10 4 K when the reconnection magnetic fields are above 500 G. Since the plasmas are still not fully ionized in
Case ELr with reconnection magnetic fields as strong as 1500 G, the maximum temperature if the simulations were allowed to run for a longer time. We can still expect that the plasmas may become fully ionized and higher temperature may be achieved during a magnetic reconnection process in the strongly magnetized solar TMR.
By comparing the simulation results in this work and our previous work 32 , we can conclude that the simple radiative cooling model in our previous work is good enough for studying the characteristics of magnetic reconnection around the solar TMR with strong reconnection magnetic field (> 100 G) and low plasma β (< 1.46) inside the current sheet. In such a reconnection process before the plasmas are fully ionized, the strong ionization rate Γ ion i in the previous work allows the simple radiative cooling L rad = Γ ion i φ ef f to be comparable with the radiative cooling applied in this work for the same plasma β. However, the more realistic radiative cooling model applied in this work is necessary for studying the variations of the plasma temperature and ionization fraction inside the current sheet. It is also important for studying the energy conversion during the magnetic reconnection process when the hydrogen gas approaches full ionization. With the high temperature plasmas (> 2×10 4 K) likely to be generated in the Ellerman Bomb type events observed by the IRIS satellite, the hydrogen gas in the immediate neighborhood of the event is expected to become fully ionized necessitating the more realistic radiative cooling function to study the Ellerman Bomb type events and their observables.
We note that the simulation scale is only 100 m in both this work and our previous work 32 , which is much smaller than the observable scales of the brightening events in the solar atmosphere. Future work will show numerical results on larger scales and with much higher Lundquist numbers to reveal more physical mechanisms guiding magnetic reconnection processes and observables around the solar TMR.
